(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT) 



(19) World Intellectual Property Organization 

International Bureau 

(43) International Publication Date 
15 November 2001 (15.11.2001) 




PCT 



liiiniiiiiiiiHiiiiiiiiiiiuiii 

(10) International Publication Number 

WO 01/86030 Al 



(51) International Patent Classification 7 : 
13/02, H01M 8/12, C04B 38/06 



C25D 13/14, (74) Agent: BENNETT JONES LLP; 1000 ATCO Centre, 
10035 - 105 Street, Edmonton, Alberta T5J 3T2 (CA). 



(21) International Application Number: PCT/CA01/00634 

(22) International Filing Date: 9 May 2001 (09.05.2001) 

(25) Filing Language: English 

(26) Publication Language: English 



(30) Priority Data: 

2,308,092 



10 May 2000 (10.05.2000) CA 



(81) Designated States (national): AE, AG, AL, AM, AT, AU, 
AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CR, CU, CZ, 
DE, DK, DM, DZ, EE, ES, FI, GB, GD, GE, GH, GM, HR, 
1IU, ID, LL, IN, IS, JP, KE, KG, KP, KR, KZ, LC, LK, LR, 
LS, LT, LU, LV, MA, MD, MG, MK, MN, MW, MX, MZ, 
NO, NZ, PL, PT, RO, RU, SD, SE, SG, SI, SK, SL, TJ, TM, 
TR, TT, TZ, UA, UG, US, UZ, VN, YU, ZA, ZW. 

(84) Designated States (regional): ARIPO patent (GH, GM, 
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZW), Eurasian 
patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, I'M), European 
patent (AT, BE, CH, CY, DE, DK, ES, FI, FR, GB, GR, IE, 
IT, LU, MC, NL, PT, SE, TR), OAPI patent (BF, BJ, CF, 
CG, CI, CM, G A, GN, GW, ML, MR, NE, SN, IT), TG). 

Published: 

— with international search report 

— before the expiration of the time limit for amending the 
claims and to be republished in the event of receipt of 



(63) Related by continuation (CON) or continuation-in-part 
(CIP) to earlier application: 

us 09/583,274 (CIP) 

Piled on 30 May 2000 (30.05.2000) 

(71) Applicant (for all designated States except US): AL- 
BERTA RESEARCH COUNCIL INC. [CA/CA]; 250 
j Karl Clark Road, Edmonton, Alberta T6N 1E4 (CA). 

i mj !nven!o!r/A^ (for US only): SARKAR, Partho For ^letter codes and other abbreviation^ 

i [CA/CAV c/o 250 Karl Clark Road, Edmonton, Alberta anceNotes on Codes and Abbreviations" appearing at thebegm- 

| T6N 1E4 (C A). nin S of each regular issue of the PCT Gazette. 



0 (54) Title: PRODUCTION OF HOLLOW CERAMIC MEMBRANES BY ELECTROPHORETIC DEPOSITION 

5 (57) Abstra ct: The present invention provides methods for producing hollow ceramic membranes by electrophoretic deposition 

6 S to5£ LI membranes may have a small cn,ss-sectional area of about 1.0*10* mm> to about 25mm . The -oss-sectuma 
95 n JZ^on of the hollow ceramic membranes may be any geometry such as 

The hollow ceramic membranes produced by the methods of the present invention may have multiple layers but always the mnermo 
° byer o the first deposited layer's porous and made by electrophoretic deposition. Subsequent layers ~ ^ 
O and deposited before or after sintering the first layer. If it is deposited after sintering, it may require additional sintering steps. 
S ^ffl tay«Sy be deposited by further electrophoretic deposition, sol-gel coating, dip coating, vacuum casting, birthing. 
^ spraying or other known techniques. 



Dci>i MVMii-MdLE COPY 



WO 01/86030 




PCT/CA01/00634 



PRODUCTION OF HOLLOW CERAMIC MEMBRANES BY 
ELECTROPHORETIC DEPOSITION 

PRIORITY CLAIM 

This application claims the priority benefit of Canadian Patent Application 
No. 2,308,092 filed on May 10, 2000 as file no. 30319.34 and entitled Production 
of Hollow Ceramic Membranes by Electrophoretic Deposition. 

FIELD OF THE INVENTION 

The present invention relates to the production of hollow ceramic 
membranes by electrophoretic deposition. In particular, the present invention 
relates to the production of small cross-sectional area hollow ceramic membranes 
by electrophoretic deposition. 

BACKGROUND OF THE INVENTION 

It is well known to deposit coatings of material by electrophoretic 
deposition ("EPD"). EPD is a combination of electrophoresis and deposition. 
Electrophoresis is the movement of charged particles in an electric field. 
Deposition is the coagulation of particles into a mass. 

In U.S. Patent No. 5,580,835 to Dalzell et al., a process for creating 
ceramic fibers by EPD is described. The ceramic fibers produced by this process 
are fully dense, non-porous fibers. The described EPD process uses a colloidal 
metal hydrate from an aqueous sol where the metal hydroxide particle size is in 
the range of about 15 nmu The sols are produced by hydrolysis and peptization of 
an organometallic compound in an aqueous medium. The resulting ceramic fiber 
is non-porous and fully dense as a result of the small particle size of the sol and 
the sintering process. Because the sol is aqueous, hydrogen evolution is 
unavoidable and steps must be taken to minimize hydrogen evolution and to 
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5 permit hydrogen to escape such that it does not embed in the deposited material. 
One means of doing so disclosed in this patent is to use a low potential and to 
continuously move the fiber during the deposition process. 

As is apparent in the Dalzell et al. patent, it is conventionally believed that 
10 in order to achieve uniform deposition, only ceramic particles of submicron size 
may be used in an EPD process. As a result, the resulting ceramic materials, after 
sintering, are not porous. 

It is desirable for certain applications to produce a porous hollow ceramic 
15 fibre or membrane. Such fibres may be produced by extruding a mixture of 
ceramic powder and polymeric binder, as disclosed in U.S. Patent No. 5,707,584. 
The extruded tube or fibre may then be heat treated to remove the polymeric 
binder leaving a porous ceramic matrix. The porous ceramic matrix may then be 
coated by dipping in sols, drying and sintering to add thin layers to the 
20 microporous matrix. These are difficult and costly methods. It would be 
advantageous to have an alternative method of producing porous ceramic fibres or 
tubes or hollow ceramic membranes. 

Therefore, there is a need in the art for a method of producing porous 
25 ceramic fibres or hollow ceramic membranes by electrophoretic deposition. 

SUMMARY OF THE INVENTION 

The present invention provides methods for producing hollow ceramic 
membranes by electrophoretic deposition. The hollow ceramic membranes may 

30 have a small cross-sectional area of about l.OxlO" 5 mm 2 to about 25 mm 2 . The 
cross-sectional configuration of the hollow ceramic membranes may be any 
geometry such as circular, square, rectangular, triangular or polygonal. The 
hollow ceramic membranes produced by the methods of the present invention 
may have multiple layers but always the innermost layer, or the first deposited 

35 layer is porous and made by electrophoretic deposition. Subsequent layers may 
be porous or non porous and deposited before or after sintering the first layer. If 
it is deposited after sintering, it may require additional sintering steps. Additional 
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5 layers may be deposited by further electrophoretic deposition, sol-gel coating, dip 
coating, vacuum casting, brushing, spraying or other known techniques. 

Therefore, in one aspect of the invention, the invention is a method of 
producing a porous hollow ceramic membrane comprising the steps of: 

10 

(a) providing a suspension of a particulate ceramic material in a non- 
aqueous liquid; 

(b) electrophoretically depositing the particulate material onto an 
electrically conductive fibre core; 

1 5 ( c ) drying the fibre core-bearing the deposited material; and 

(d) sintering the fibre core bearing the deposited material at a 
temperature and for a length of time sufficient to combust the fibre 
core while producing a porous hollow ceramic membrane. 

20 The fibre core may be a bundle of individual fibres which is infiltrated by the 
particulate material upon electrophoretic deposition such that upon removal of the 
fibre core, the membrane comprises a hollow core comprising a plurality of 
elongate cylindrical pores. Alternatively, the fibre core may be coated with an 
organic binder to prevent infiltration of the particulate material 

25 during electrophoretic deposition. 

In one embodiment, the porosity of the membrane may be controlled by 
controlling the duration and temperature of the sintering step, by controlling the 
particle size, size distribution and/or the surface area of the ceramic material, by 

30 adding sintering additives in the suspension where the additives will deposit 
concurrently with the ceramic material, by adding a combustible particulate 
material, such as carbon, carbon black or a suitable organic or polymeric material, 
to the ceramic material which is concurrently deposited with the ceramic material, 
wherein said combustible material is removed by combustion during the sintering 

35 step. 

In one embodiment, the electrophoretic deposition step may be repeated at 
least once using a ceramic particulate material that is different or has different 



3 



WO 01/86030 




PCT/CA01/00634 



5 characteristics such that a multi-layer ceramic hollow membrane where each layer 
has different characteristics results. The electrophoretic deposition step may be 
repeated at least once under conditions, as described herein, to produce layers 
having different porosities. 



ethanol, methanol, isopropanol, butanol, acetone, butylamine, acetylacetone 
methyl ethyl ketone or mixtures thereof. 

In another aspect of the invention, the invention is a method of producing 
15 a tubular electrode supported electrochemical fuel cell comprising the sequential 
steps of: 



10 



The non-aqueous liquid may be selected from the group comprising of 



(a) electrophoretically depositing an anodic or cathodic material onto a 
fibre core to create a porous electrode layer; 



20 



(b) depositing a solid electrolyte layer onto the electrode layer; and 



25 



(c) drying and sintering the core bearing the deposited anode or 
cathode layer and the solid electrolyte layer at a temperature and 
for a length of time sufficient to combust the core and to create a 
fully dense electrolyte layer while maintaining the porosity of the 
inner electrode layer; 



30 



(d) depositing an outer electrode layer onto the solid electrolyte layer, 
which is of an anodic material if the inner layer comprises a 
cathodic material, or a cathodic material if the inner layer 
comprises an anodic material; and 



35 



(e) sintering the end product at a temperature and for a length of time 
sufficient to bond the outer electrode layer to the solid electrolyte 
layer while maintaining the porosity of the outer and inner 
electrode layers. 
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5 Preferably, the electrolyte layer is deposited by electrophoretic deposition. 

In another aspect of the invention, the invention is a method of producing 
a tubular electrode supported electrochemical fuel cell comprising the sequential 
steps of: 

10 

(a) electrophoretically depositing an inner electrode layer comprising 
an anodic or cathodic material onto a fibre core and sintering the 
core bearing the inner electrode layer at a temperature and for a 
length of time sufficient to combust the core and partially densify 

15 the inner electrode layer while maintaining the porosity of the 

inner electrode layer; 

(b) depositing a solid electrolyte layer onto the electrode layer; and 

20 (c) drying and sintering the core bearing the deposited anode or 

cathode layer and the solid electrolyte layer at a temperature and 
for a length of time sufficient to create a fully dense electrolyte 
layer and bond the electrolyte layer to the inner electrode layer 
while maintaining the porosity of the inner electrode layer; and 

25 

(d) depositing an outer electrode layer onto the solid electrolyte layer, 
said outer electrode layer comprising an anodic material if the 
inner layer comprises a cathodic material, or a cathodic material if 
the inner layer comprises an anodic material; and 

30 

(e) sintering the end product at a temperature and for a length of time 
sufficient to partially densify the outer layer, bond the outer 
electrode layer to the solid electrolyte layer while maintaining the 
porosity of the outer and inner electrode layers. 

35 

Preferably, the electrolyte layer is electrophoretically deposited onto the inner 
electrode layer by inserting an electrophoretic electrode within the inner electrode 
layer. Alternatively, the inner electrode layer is comprised of a cathodic material 
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5 and is used as the electrophoretic electrode to electrophoretically deposit the 
electrode layer onto the inner electrode layer. 

In yet another aspect of the invention, the invention is a method of 
producing a tubular electrode supported electrochemical fuel cell comprising the 
10 sequential steps of: 

(a) providing a porous hollow inner electrode layer comprising an 
anodic material; 

15 (b) electrophoretically depositing a solid electrolyte layer onto the 

inner electrode layer by inserting an electrophoretic electrode 
within the inner electrode layer; 

(c) drying and sintering the core bearing the deposited anode or 
20 cathode layer and the solid electrolyte layer at a temperature and 

for a length of time sufficient to create a fully dense electrolyte 
layer and bond the electrolyte layer to the inner electrode layer 
while maintaining the porosity of the inner electrode layer; 

25 (d) depositing an outer electrode layer onto the solid electrolyte layer, 

said outer electrode layer comprising a cathodic material; and 

(e) sintering the end product at a temperature and for a length of time 
sufficient to partially density the outer layer, bond the outer 
30 electrode layer to the solid electrolyte layer while maintaining the 

porosity of the outer and inner electrode layers. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention will now be described by way of an exemplary embodiment 
35 with reference to the accompanying drawings. In the drawings: 
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5 Figure 1 is a schematic of an EPD setup showing particle 

deposition on a fibre electrode. 



Figure 2 is a graphical representation of a sintering cycle of the 
present invention. 

10 

Figure 3A is a scanning electronic micrograph (SEM) of a fracture 
surface hollow ceramic membrane at 70X magnification. Figure 
3B is the same fraction surface at a higher magnification. 

Figure 4A is a SEM of a cross-sectional fracture surface of a 
hollow ceramic membrane sintered at 1550°C for 5 hours. Figure 
4B is a SEM of a similar membrane sintered at 1400°C for 5 hours. 
Figure 4C is a SEM of a similar membrane sintered at 1250°C for 
5 hours. Each SEM is at 2000X magnification. Figure 4D is the 
same fracture surface as Figure 4C at a higher magnification. 

Figure 5 is a SEM of a polished cross-sectional surface showing 
porosity created by carbon black particles in the deposition 
suspension (2000X). 

Figure 6A is a SEM of a cross-sectional fracture surface showing a 
porous core resulting from the use of untreated fibre tow as the 
fibre core (70X). Figure 6B and 6C is the same fracture surface at 
higher magnifications (300X and 650X). 

Figure 7 is a SEM of a cross-sectional fracture surface of a ceramic 
hollow membrane produced using a fibre core comprising fibre 
tow having a diameter of approximately 400 microns. 

35 Figure 8 is a SEM of a cross-sectional fracture surface of a ceramic 

hollow membrane produced using a fibre core comprising fibre 
tow having a diameter of approximately 650 microns. 



15 



20 



25 



30 
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5 Figures 9A and 9B are SEMs of a cross-sectional fracture surface 

of a ceramic hollow membrane produced using a carbon rod 
having a diameter of approximately 1mm and coated by alumina 
sol-gel dip coating. 



DETAILED DESCRIPTION OF THE INVENTION 

10 

When describing the present invention, the following terms have the 
following meanings, unless indicated otherwise. All terms not defined herein 
have their common art-recognized meanings. 



15 The term "fibre" or "filament" refers to a single strand of fibrous material; 

"fibre tow" or "fibre bundle" shall refer to a multi-filament yarn or an 
array of fibres; and "fibre core" shall refer to a fibre, filament, fibre tow or 
fibre bundle. In all cases, the fibre core is electrically conductive or 
treated to be electrically conductive to allow its use as an electrode. 

20 

The term "ceramic" refers to inorganic non-metallic solid materials with a 
prevalent covalent or ionic bond including, but not limited to metallic 
oxides (such as oxides of aluminium, silicon, magnesium, zirconium, 
titanium, chromium, lanthanum, hafnium, yttrium and mixtures thereof) 

25 and nonoxide compounds including but not limited to carbides (such as of 

titanium, tungsten, boron, silicon), silicides (such as molybdenum 
disicilicide), nitrides (such as of boron, aluminium, titanium, silicon) and 
borides (such as of tungsten, titanium, uranium) and mixtures thereof; 
spinels, titanates (such as barium titanate, lead titanate, lead zirconium 

30 titanates, strontium titanate, iron titanate), ceramic super conductors, 

zeolites, ceramic solid ionic conductors (such as yittria stabilized zirconia, 
beta-alumina and cerates). 

The term "hollow ceramic membrane" shall refer to a small (LOxlO' 5 mm 2 
35 - 25 mm 2 ) cross-sectional area ceramic body comprising at least one layer 

of a porous ceramic material. In a multilayer membrane, the innermost 
layer is porous and the subsequent layers may be porous or nonporous. 
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5 The cross-sectional geometry of the hollow ceramic membranes may be 

any shape such as circular, square, rectangular, triangular or polygonal- 

The term "porous", in the context of hollow ceramic membranes means 
that the ceramic material contains pores (voids). Therefore, the density of 

10 the porous ceramic material is lower than that of the theoretical density of 

the ceramic material. The voids in the porous ceramics can be connected 
(i.e., channel type) or disconnected (i.e., isolated). In a porous hollow 
ceramic membrane, the majority of the pores are connected. To be 
considered porous as used herein, a ceramic membrane should have a 

15 density which is at most about 95% of the theoretical density of the 

material. The amount of porosity can be determined by measuring the . 
bulk density of the porous body and from the theoretical density of the 
materials in the porous body. Pore size and its distribution in a porous 
body can be measured by mercury or non-mercury porosimeters, BET or 

20 microstructural image analysis as is well known in the art. 

The present invention provides an electrophoretic method of producing 
hollow ceramic membranes. The methods disclosed herein may be used to 
produce such membranes having .multiple concentric layers of varying 
25 compositions. One particular application of such methods includes the production 
of solid oxide fuel cell tubes. As well, the methods disclosed herein may be used 
to produce functionally graded hollow ceramic membranes where either material 
composition, amount of porosity, pore size distribution or the microstructure, or a 
combination of these characteristics, may vary along the cross section. 

30 

EPD (electrophoretic deposition) is an electrochemical deposition 
technique • for depositing minute particles of materials such as metals, glass, 
ceramics, polymers or carbon in a colloid suspension by subjecting the particles to 
an external dc electric field, thereby causing the migration of the particles toward 
35 a specific electrode. Particles in a colloid are known to develop a surface charge 
relative to the suspension medium, which may be dependent on the pH of the 
suspension medium. For example, alumina has a positive charge as a result of 
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5 ionization at a pH of below about 7. In the formation of ceramic green bodies by 
EPD, the ceramic particles may be positively or negatively charged; in case of 
positively charged particles they are deposited on the cathode; and in case of 
negatively charged particles they are deposited on the anode. It is not essential 
for the deposition process that the particles have to reach the oppositely charged 
10 electrode; particles can be deposited around an electrode onto a semipermeable 
membrane which allow ions to pass but not the particles themselves. The 
oppositely charged electrode on which the ceramic particles are deposited (in the 
absence of a semipermeable membrane) is referred to herein as the "deposition 
electrode". This is shown schematically in Figure 1 . 

15 

The ceramic material used in the present invention may include those 
compounds referred to above or mixtures of thereof. However, the invention is 
not limited to any chemical compound specifically referred to herein and should 
be considered to include any ceramic or similar material which may be 
20 electrophoretically deposited from a non-aqueous suspension in accordance with 
the methods disclosed herein. 

The present invention may be utilized to electrophoretically deposit a 
plurality of coatings on a wide range of fibre cores, both metallic and non- 
25 metallic. Any fibre core with any small cross-sectional geometry may be coated 
with the disclosed methods if it is electrically conductive or may be treated to be 
electrically conductive and may be combusted at temperature levels reached 
during a sintering process. Fibre cores made from carbon or graphite are 
considered most suitable for use herein. 

30 

The present invention may be used with fibre cores of varying diameters. 
At one end of the range, individual filaments having a diameter of approximately 
5 microns or less may be suitable to produce very fine hollow ceramic 
membranes. At the other end of the range, fibre tow having a diameter of about 5 
35 or 6 mm may be used to produce larger hollow ceramic membranes. At the larger 
end of the range, rods having a desired diameter may be used in place of fibre 
tow. As well, the rods may have any suitable cross-sectional configuration. 
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5 

Fibre tow may be used either treated with a polymeric binder or untreated. 
A treated fibre core will produce a ceramic tube having substantially a single hole 
as seen in Figures 3A and 3B. A fibre core made from untreated fibre tow may 
result in a ceramic tube having a plurality of holes in a porous core, as is seen in 

10 Figures 6A and 6B. The fibre tow may be treated by briefly dipping the tow into 
a solution of an organic or polymeric binder before immersion in the 
electrophoretic medium. In one example, a solution of nitrocellulose in acetone is 
suitable. The nitrocellulose forms a very thin coating on the tow and seals the 
interfilamentous gaps. The binder should preferably be insoluble in the EPD 

15 medium. Nitrocellulose is a preferred binder because it is insoluble in ethanol, 
which is a preferred EPD medium. 

Fibre tow which has been treated with an organic binder may be fashioned 
into a shaped deposition electrode, other than a simple elongate deposition 
20 electrode, by manipulating the fibre tow before the binder dries. For example, the 
fibre tow may be fashioned into a deposition electrode having helical shape or a 
"U" or "J" shape. The resulting hollow ceramic membrane will of course have the 
shape of the deposition electrode, which may be useful in certain applications. 

25 If the intrafilamentous gaps are unsealed, as in untreated fibre tow, the 

deposited particles may infiltrate the tow during the deposition process, resulting 
in the porous core referred to above. The porous core may be preferred in some 
applications in which a high internal surface area may be beneficial. Examples of 
such application include high surface area catalyst supports or membrane reactors. 

30 

The ceramic material used in the deposition process preferably comprises 
particulate ceramic material having a particle size larger than about 150 nm. A 
suitable suspension of the ceramic material may be made by grinding ceramic 
powder using grinding media in a suitable non-aqueous medium i.e. an organic 
35 liquid, such as ethanol, isopropanol, butanol, butylamine, acetylacetone, methyl 
ethyl ketone, acetone, methanol, absolute alcohol or mixtures thereof for a 
specified period of time until the average particle size reaches the appropriate size 
range. In one embodiment, the particle size may range from about 150 nm to 



11 



WO 01/86030 




PCT/CA01/00634 



5 about 10,000 nm. The particles should preferably be no larger than about 15,000 
nm. More preferably, the particle size range may be between about 200 nm to 
about 1000 nm. As will be appreciated by those skilled in the art, larger particle 
sizes may result in a ceramic membrane having greater porosity than a ceramic 
membrane resulting from smaller particle sizes. 

10 

As shown schemicatially in Figure 1, the EPD process may commence by 
providing a suitable length of fibre core and connecting it to a suitable EPD 
apparatus which is well known in the art The fibre core may then be immersed in 
the ceramic particle suspension and electric potential applied at a specified level 

15 for a suitable length of time. It may be important to pre-immerse and withdraw 
the fibre core once before immersion for EPD in the EPD suspension or any 
liquid. During early trials, it was found that if such a step was not performed, the 
resulting coated fibre core often demonstrated gross irregularities in diameter after 
deposition. This problem was alleviated by immersing the fibre tow into the 

20 suspension and slowly removing it It is believed that during removal, surface 
tension forces pulled all the individual filaments of the tow together to ensure the 
tow has a uniform round diameter when re-immersed for EPD. This step is 
unnecessary for single filament fibre cores or rods. 

25 The choice of appropriate EPD conditions such as current, voltage and 

length of time will vary with the desired end product and is well within the 
ordinary skill of one skilled in the art. In one embodiment, the current may vary 
from about 0.01 mA to about 1.0 mA per centimeter of deposit length, over a time 
period of about 30 seconds to about 300 seconds. The current and length of 

30 deposition may be varied to achieve membranes of differing thickness. After 
EPD, the coated fibre core is then removed from the suspension and dried in 
preparation for sintering. The drying step may take place at room temperature or 
a slightly elevated temperature. 

35 In one embodiment, the sintering cycle for an alumina or zirconia deposit where 
the sintering atmosphere is air may begin by raising the temperature to about 
500°C to about 900°C over a period of about 6 hours to about 9 hours and held at 
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5 that temperature for about 3 hours. The temperature may then be raised at a rate 
of about 100°C to about 500°C per hour to the sintering temperature of about 
1150°C to about 1500°C and held there for about 0.5 to about 10 hours. The 
temperature may then be lowered at a rate of about 100°C to about 500°C per 
hour to room temperature. One example of a sintering cycle falling within this 
10 embodiment is illustrated graphically in Figure 2. 

In another embodiment, the sintering cycle for a boron carbide deposit 
where the' sintering atmosphere is a vacuum or argon may begin by raising the 
temperature to about 600°C over a period of about 3 hours to about 6 hours and 

15 held at that temperature for about 1 hour. The temperature may then be raised to 
about 900°C to about 1 100°C over 0.5 to about 5 hours and held there for about 
0.5 to about 3 hours. The temperature may then be raised by about 300°C to 
about 800°C per hour up to the sintering temperature of about 1800°C to about 
2250°C and held there for about 0.25 to about 5 hours. The temperature may then 

20 be lowered at a rate of about 100°C to about 800°C per hour to room temperature. 



It may be important to hang the ceramic tubes vertically during sintering 
to prevent curvature of the tubes. Curvature of the tubes may be the result of non- 
isotropic heat transfer kinetics if the ceramic tubes are laid flat on supports during 
25 sintering or due to the friction between the support and the hollow ceramic 
membrane. 

Porosity of the ceramic tubes or hollow fibres or hollow ceramic 
membranes may be enhanced by mixing combustible particles such as carbon 
30 black, carbon, graphite, different polymer powders and cellulose base powders 
into the ceramic particle suspension such that the combustible particles co-deposit 
during EPD. Then, when the ceramic coated core is heated to sinter the hollow 
ceramic membranes and remove the core, the combustible particles will also be 
burned off, resulting in a more porous ceramic membrane. 

35 

As well, porosity may be controlled by controlling the temperature and time of the 
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5 sintering process. Long sintering times or sintering at higher temperature or 
combination of both can reduce porosity. Porosity can also be controlled by 
controlling the particle size distribution and its surface area. Finer and high 
surface area ceramic particles normally will have lower porosity than coarse and 
low surface area powder when both of them are sintered under identical 
10 conditions. Porosity can also be controlled by sintering additives which are well 
known in the art, such as glassy or sol-gel phase or any other liquid forming 
phases. The time and temperature parameters in a typical sintering cycle, such as 
that illustrated in Figure 2 may be varied by one skilled in the art to achieve a 
particular desired result. 

15 

A functionally graded composite hollow ceramic membrane may be 
produced by varying the composition of the EPD suspension during the 
deposition process. For example, a suspension of yttria stabilized zirconia may be 
continuously added to a suspension of alumina during EPD to produce a ceramic 

20 tube which has a gradient of YSZ composition ranging from none or very little 
near the inner diameter of the membrane to close to 100% near the outer diameter 
of the membrane. Alternatively, the fibre core may be deposited onto from a 
series of suspensions having varying proportions of the materials desired in the 
composite end product. Similarly, a porosity or pore size distribution graded 

25 hollow ceramic membrane can be fabricated by changing the powder composition 
such a way that the sinterability of the deposit varies along the cross section. In 
one embodiment, the particle size distribution may changed during the deposition 
step, which may result in a porosity graded membrane. Also, porosity graded 
hollow ceramic membranes can be manufactured by changing the concentration 

30 or particle size of a combustible material such as carbon black, carbon, graphite or 
polymer powders along the cross-section of the deposit. Porosity may also be 
varied along the cross-section of the membrane by varying the concentration of a 
sintering aid during the deposition step. 

35 A thin surface layer of a functional material may be added to the hollow 

ceramic membrane by sol-gel coating, dip coating, electroless metal coating, 
polymer coating, vacuum casting, spraying or brushing or other well-known 
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5 techniques for coating tubes or hollow fibres. The resulting coated hollow 
ceramic membrane may be used as a solid oxide fuel cell, a separation membrane 
or in a membrane reactor, amongst other uses. The hollow ceramic membranes 
will act as a support or substrate for the functional surface layer which will have 
the desired properties for a particular application. For example, a separation 

10 membrane requires a specific pore size or size distribution. The support layer will 
have a larger pore size than the final layer but the surface layer will generally be 
thinner. So the function of the support layer in this particular example to provide 
mechanical support to the final layer because a self supporting thin functional 
layer can not be made. In one particular example, a thin palladium layer may be 

15 added to a hollow ceramic membrane by electroless plating. The 
palladium/ceramic tube may be used in a membrane separator for separating 
hydrogen which is permeable through palladium, which is otherwise non- 
permeable. 

20 In one embodiment, multiple concentric layers may be deposited using the 

methods of the present invention. If the first or innermost layer is porous, it may 
act as a semipermeable membrane and allow further EPD to deposit additional 
layers. A series of deposition steps with different ceramic materials may be 
followed by a single sintering step. Alternatively, a sintered hollow ceramic 

25 membrane may be used to deposit an additional layer or layers of ceramic 
material by further EPD, sol-gel coating, dip-coating, vacuum casting, spray 
coating or similar technologies which is then sintered. The different layers may 
chosen to provide the finished product with a variety of different properties or 
capabilities for a variety of applications. 

30 

In one embodiment of a multilayer ceramic tube, the methods disclosed 
herein may be used to produce a tubular solid oxide fuel cell. In a typical planar 
electrode supported SOFC, the cell is comprised of a porous anode layer, a fully 
dense electrolyte and a porous cathode layer. Electrochemical reactions in the 
35 anode and cathode produce electricity. The electrolyte permits flow of oxygen 
ions from the cathode to the anode where a fuel is oxidized to release electrons. 
The electrons travel back to the cathode externally to complete the circuit. The 
fuel cell may be anode-supported in which case the anode layer will be thicker 
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5 than the electrolyte of cathode layers. In one example, the anode layer may 
typically be about 0.1 to about 3 mm thick, preferably about 1.5 mm thick, and 
comprise a nickel/yttria stabilized zirconia ("YSZ") composite material. The 
electrolyte may be fully dense YSZ about 0.002 to about 0.1 mm thick, preferably 
about 0.01 mm thick, while the cathode may be comprised of a mixed conductor 
10 oxide layer such as LSM which may be about 0.01 mm to about 0.5 mm thick, 
preferably about 0.04 mm thick. Such planar solid oxide fuel cells are well 
known in the art. 

To produce a tubular SOFC in one embodiment, an inner electrode layer, 
15 which may be either an anode or a cathode, is deposited onto the fibre core to a 
desired thickness. Secondly, a thin solid electrolyte layer is then deposited. This 
intermediate product is then sintered to achieve full density of the solid electrolyte 
layer while maintaining the porosity on the inner electrode. By using different 
average particle sizes for the solid electrolyte and anode deposition suspensions, 
20 the anode layer and the electrolyte layer will have two different sintering kinetics 
so that for a given sintering cycle, the electrolyte would be nonporous (fully 
dense) but the anode would be porous. The porosity of the anode layer may be 
enhanced using combustible particles into the anode particle suspension. In 
addition or alternatively, sintering additives may be added to the electrolyte layer 
25 to enhance the densification of the electrolyte layer. Lastly, the cathode layer is 
deposited onto the electrolyte layer by any suitable means including dip-coating, 
brushing, spraying or sol-gel coating, followed by a final sintering stage of the 
tubular SOFC membrane to partially densify the outer cathode layer and bond the 
outer cathode layer to the electrolyte layer. 

30 

It is possible to electrophoretically deposit the outer cathode layer onto the 
electrolyte layer if a thin layer of a conducting material is applied to the 
electrolyte layer so that it may be used las an deposition electrode. 

35 Various alternatives to this method are possible. In one embodiment, the 

inner layer is a cathodic material which will remain electrically conductive after 
sintering. In this case, the electolyte layer may be electrophoretically deposited 
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5 onto the cathode layer even after the fibre core has been removed when sintering 
the cathodic layer. 

In another embodiment, the inner layer is an anodic material which may 
not be conductive. In this case, the electrolyte layer may be electrophoretically 

10 deposited onto the anode layer, after the anode layer has been sintered and the 
fibre core removed, by inserting a deposition electrode within the hollow anode 
layer and filling the hollow anode layer with the EPD medium such as ethanol, 
without the particulate suspension. Because of the porosity of the anode layer, the 
electric field will penetrate the anode layer, causing the electrolyte particle to 

15 deposit onto the anode layer. In other words, the anode layer is acting as a semi- 
permeable membrane during EPD. After the electrolyte layer is deposited, the 
anode and electrolyte layers are sintered to densify the electrolyte layer while 
maintaining the porosity of the anode layer. The cathodic layer may then be 
added by any suitable conventional technique such as dip coating or sol-gel 

20 coating. 

This alternative method may be applied to any hollow ceramic membrane 
whether or not it has been formed by EPD. For example, a hollow ceramic 
membrane may be formed by extrusion or slip casting which is electrically non- 
25 conductive. The membrane may then be immersed in an EPD suspension and 
filled with the EPD medium. A deposition electrode may then be inserted within 
the hollow membrane and another layer of ceramic material deposited onto the 
hollow membrane. The hollow membrane must of course be sealed at the end 
which is immersed into the EPD suspension. 

30 

The following examples are intended to illustrate specific embodiments of 
the present invention and should not be considered limiting of the claimed 
invention in any way. 

35 Example 1 

100 g of alumina powder was mixed with 250 g of YSZ grinding media (5 
mm diameter) in 200 ml of absolute ethanol and vibromilled for about 15 hours. 
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5 The resulting alumina particle size ranged from 200 to 2000 nm, with a median 
diameter of about 300 nm. Approximately 750 ml of ethanol was added to dilute 
the alumina to about lOg per 100 ml of ethanol. The suspension was acidified 
using concentrated acetic acid or dilute HC1 (or both) to a pH of below 5, 
preferably about 4. The suspension was then tested for appropriate deposition. 

10 

A carbon fibre tow of about 100 micron diameter was prepared by dipping 
briefly in a nitrocellulose/acetone solution. The suspension was deposited onto 
the fibre core with a current of about 0.5 mA for about 300 seconds. The 
resulting coated fibre core was air dried for about 12 hours and then sintered. The 

15 sintering cycle began by raising the temperature to about 900°C over a 9 hour 
period and held there for about three hours. The temperature was then raised by 
300°C per hour up to the sintering temperature of 1400°C and held there for about 
5 hours. The ceramic tube was then allowed to cool at a rate of 300°C per hour to 
room temperature. A cross-section of the resulting porous tube is seen in Figures 

20 3Aand3B. 

Example 2 

In this example, identically prepared hollow ceramic membranes were 
25 sintered at 1550°C, 1400°C and 1250°C respectively for 6 hours. The resulting 
membranes are shown in Figures 4A (1550°C), 4B (1400°C) and 4C (1250°C) 
respectively, at 2,000x magnification. As is apparent , sintering at 1550°C 
produced a membrane with limited porosity. Porosity increased as sintering 
temperature decreased. 

30 

Example 3 

In one example, particulate carbon black having a particle size range of 
about 20 nm to about 150 nm, was added to the alumina suspension prepared in 
35 accordance with Example 1 above in about 29 v/o such that the carbon and 
alumina were co-deposited onto the fibre core. The resulting ceramic membrane 
was sintered at 1250°C for 5 hours. Figure 5 shows that the carbon black 
increases the porosity of the membrane. 
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Example 4 



An untreated fibre tow was used to deposit alumina particles as otherwise 
described in Example 1 above. The resulting ceramic membrane having a porous 
10 core is shown in Figures 6 A and 6B. The core has a plurality of longitudinal 
holes, which correspond to individual filaments of the fibre tow. 

Example 5 

15 Fibre cores comprising fibre tow of varying sizes was used for depositing 

alumina particles as otherwise described in Example 1 above. The fibre tow 
diameters used were approximately 400 ]im (Figure 7) to 650 vim (Figure 8). The 
resulting ceramic tubes are shown in Figures 7 and 8. 

20 Example 6 

An alumina membrane was produced as in Example 1 except that a carbon 
fibre rod of approximately 1mm in diameter was used. Following sintering, a thin 
dense alumina layer was added by conventional sol-gel dip coating and the coated 
25 membrane was again sintered at 1250°C. The resulting coated hollow ceramic 
membrane is shown in Figures 9A and 9B. 

As will be apparent to those skilled in the art, various modifications, 
adaptations and variations of the foregoing specific disclosure can be made 
30 without departing from the scope of the invention claimed herein. 
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5 WHAT IS CLAIMED IS: 

1. A method of producing a porous hollow ceramic membrane comprising 
the steps of: 

10 (a) providing a suspension of a particulate ceramic material in a non- 

aqueous liquid; 
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(b) electrophoretically depositing the particulate material onto an 
electrically conductive fibre core; 

(c) drying the fibre core-bearing the deposited material; and 

(d) sintering the fibre core bearing the deposited material at a 
temperature and for a length of time sufficient to combust the fibre 
core while producing a porous hollow ceramic membrane. 



2. The method of claim 1 wherein the fibre core is a bundle of individual 
fibres which is infiltrated by the particulate material upon electrophoretic 
deposition such that upon removal of the fibre core, the membrane 

25 comprises a hollow core comprising a plurality of elongate cylindrical 

pores. 

3. The method of claim 1 wherein the fibre core is a fibre tow comprising a 
bundle of individual fibres and further comprising the step of coating the 

30 fibre core with an organic binder to prevent infiltration of the particulate 

material during electrophoretic deposition. 

4. The method of claim 3 wherein the fibre core is coated with the organic 
binder by immersing the fibre core into a solution of the organic binder. 

35 

5. The method of claim 1 wherein the porosity of the membrane is controlled 
by controlling the duration and temperature of the sintering step. 
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5 6. The method of claim 1 wherein the porosity of the membrane is controlled 
by controlling the particle size, size distribution and/or the surface area of 
the ceramic material. 

7. The method of claim 1 wherein, the porosity of the membrane is controlled 
10 by adding sintering additives in the suspension where additives will 

deposit concurrently with the ceramic material. 

8. The method of claim 1 wherein the porosity of the membrane is controlled 
by adding a combustible particulate material to the ceramic material which 

15 is concurrently deposited with the ceramic material, wherein said 

combustible material is removed by combustion during the sintering step. 

9. The method of claim 8 wherein the combustible particulate material is 
chosen from the group consisting of carbon, carbon black and organic or 

20 polymeric compounds. 

1 0. The method of claim 1 wherein the porosity of the membrane is controlled 
by controlling two or more of the factors chosen from the group consisting 
of: 

25 

(a) the duration and temperature of the sintering step; 

(b) the particle size, size distribution and/or the surface area of the 
ceramic material; 

(c) adding the sintering additives in the suspension where additives 
30 will deposit concurrently with the ceramic material; and 

(d) adding a combustible particulate material to the ceramic material 
which is concurrently deposited with the ceramic material, 
wherein said combustible material is removed by combustion 
during the sintering step 



35 



11. The method of claim 1 wherein the electrophoretic deposition step is 
repeated at least once using a ceramic particulate material that is different 
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or has different characteristics such that a multi-layer ceramic hollow 
membrane where each layer has different characteristics results. 

The method of claim 10 wherein the electrophoretic deposition step is 
repeated at least once using the same ceramic material but having a 
different particle size distribution and/or surface area such that a multi- 
layer ceramic hollow membrane having at least two layers having different 
porosities results. 

The method of claim 10 wherein the electrophoretic deposition step is 
repeated at least once using the same ceramic material but with differing 
amounts of combustible particles in the suspension to provide a multi- 
layer ceramic hollow membrane having at least two layers having different 
porosities. 

The method of claim 1 further comprising the step of immersing the fibre 
core into the particulate suspension once and withdrawing it in a vertical 
position before re-immersing the fibre core in the particulate suspension 
for the deposition step. 

The method of claim 1 further comprising the step of immersing the fibre 
core into a liquid once and withdrawing it in a vertical position before 
immersing the fibre core in the particulate suspension for the deposition 
step. 

The method of claim 1 wherein the non-aqueous liquid is selected from 
the group consisting of ethanol, methanol, isopropanol, butanol, acetone, 
butylamine, acetylacetone methyl ethyl ketone or mixtures thereof. 

A method of producing a tubular electrode supported electrochemical fuel 
cell comprising the sequential steps of: 

(a) electrophoretically depositing an anodic or cathodic material onto a 
fibre core to create a porous electrode layer; 
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(b) depositing a solid electrolyte layer onto the electrode layer; and 

(c) drying and sintering the core bearing the deposited anode or 
cathode layer and the solid electrolyte layer at a temperature and 

10 for a length of time sufficient to combust the core and to create a 

fully dense electrolyte layer while maintaining the porosity of the 
inner electrode layer; 

(d) depositing an outer electrode layer onto the solid electrolyte layer, 
15 which is of an anodic material if the inner layer comprises a 

cathodic material, or a cathodic material if the inner layer 
comprises an anodic material; and 

(e) sintering the end product at a temperature and for a length of time 
20 sufficient to bond the outer electrode layer to the solid electrolyte 

layer while maintaining the porosity of the outer and inner 
electrode layers. 

18. The method of claim 17 wherein the electrolyte layer is deposited by 
25 electrophoretic deposition. 

19. A method of producing a tubular electrode supported electrochemical fuel 
cell comprising the sequential steps of: 

30 (a) electrophoretically depositing an inner electrode layer comprising 

an anodic or cathodic material onto a fibre core and sintering the 
core bearing the inner electrode layer at a temperature and for a 
length of time sufficient to combust the core and partially density 
the inner electrode layer while maintaining the porosity of the 

3 5 inner electrode layer; 

(b) depositing a solid electrolyte layer onto the electrode layer; and 
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(c) drying and sintering the core bearing the deposited anode or 
cathode layer and the solid electrolyte layer at a temperature and 
for a length of time sufficient to create a fully dense electrolyte 
layer and bond the electrolyte layer to the inner electrode layer 
while maintaining the porosity of the inner electrode layer; 



10 



15 



20 



(d) depositing an outer electrode layer onto the solid electrolyte layer, 
said outer electrode layer comprising an anodic material if the 
inner layer comprises a cathodic material, or a cathodic material if 
the inner layer comprises an anodic material; and 

(e) sintering the end product at a temperature and for a length of time 
sufficient to partially densify the outer layer, bond the outer 
electrode layer to the solid electrolyte layer while maintaining the 
porosity of the outer and inner electrode layers. 

20. The method of claim 19 wherein the electrolyte layer is electrophoretically 
deposited onto the inner electrode layer by inserting an electrophoretic 
electrode within the inner electrode layer. 



The method of claim 19 wherein the inner electrode layer is comprised of 
a cathodic material and is used as the electrophoretic electrode to 
electrophoretically deposit the electrode layer onto the inner electrode 
layer. 

A method of producing a tubular electrode supported electrochemical fuel 
cell comprising the sequential steps of: 

(a) providing a porous hollow inner electrode layer comprising an 
anodic material; 

35 

(b) electrophoretically depositing a solid electrolyte layer onto the 
inner electrode layer by inserting an electrophoretic electrode 
within the inner electrode layer; 



25 21. 



30 22. 
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drying and sintering the core bearing the deposited anode or 
cathode layer and the solid electrolyte layer at a temperature and 
for a length of time sufficient to create a fully dense electrolyte 
layer and bond the electrolyte layer to the inner electrode layer 
while maintaining the porosity of the inner electrode layer; 

depositing an outer electrode layer onto the solid electrolyte layer, 
said outer electrode layer comprising a cathodic material; and 

sintering the end product at a temperature and for a length of time 
sufficient to partially density the outer layer, bond the outer 
electrode layer to the solid electrolyte layer while maintaining the 
porosity of the outer and inner electrode layers. 
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